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ABSTRACT 

A computer  program s i m u l a t i o n  o f  t h e  command module 
d i g i t a l  a u t o p i l o t ,  command module / lunar  e x c u r s i o n  module 
r o t a t i o n a l  dynamics and t h e  comnand module g u i d a n c e  and nav- 
i g a t i o n  s y s t e m  was. rr,ade. T r a n s l u n a r  and t r a n s e a r t h  midcourse  
c o r r e c t i o n  maneuvers u s i n g  the s e r v i c e  p r o p u l s i o n  sys tem were 
s i m u l a t e d  for t h e  p r i m a r y  pu rpose  of g e n e r a t i n g  c r o s s  a x i s  
( e r r o r )  v e l o c i t y  and a t t i t u d e  h i s t o r i e s  as a r e s u l t  of i n i t i a l  
t h r u s t  m i s t r i m  and c . g .  motion d u r i n g  t h e  b u r n .  Two gu idance  
schemes were e v a l u a t e d .  Oper: l o o p  g u i d a n c e ,  where t h e  v e l o c i t y  
t o  be g a i n e d  i s  h e l d  f i x e d  and t i m e  o f  bu rn  i s  e x t e r n a l l y  
c o n t r o l l e d ,  and c l o s e d  l o o p  gu idance  where t h e  v e l o c i t y  t o  b e  
g a i n e d  i s  t h e  t i m e  v a r y i n g  d i f f e r e n c e  between t h e  r e q u i r e d  
v e l o c i t y  and t h e  v e h i c l e  v e l o c i t y  as computed by t h e  command 
module gu idance  computer .  

For t h e  30 v a l u e s  o f  m i s t r i m  us'ed, t h e  maximum 
a t t i t u d e  d e v i a t i o n  unde r  any c o n d i t i o n  was 6.5O. F o r  open 
l o o p  g u i d a n c e ,  t r a n s l u n a r  e r r o r  v e l o c i t y  maximum ( a n d  t e r m i n a l  
v a l u e )  was 9 f p s  and t r a n s e a r t h  was 1 8  f p s .  F o r  c l o s e d  loop 
g u i d a n c e ,  t h e  maxinum transliul?ar v a l u e  i s  5 . 5  f p s  a n d  t y a n s -  # 

e a r t h  i s  1 2  f p s ,  t h e  termli-n=il vali_ies approach ing  z e r o  f o r  b u m  . 
t i m e s  of 1 4  seconds  or l o n g e r .  
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1. I N T R O D U C T I O N  

F R O M :  F.  L a  P i m a  

The p u r p o s e  o f  t h i s  s t u d y  was to e v a l u a t e  t h e  e f f e c t s  
o f  i n i t i a l  t h r u s t  m i s t r i m  and c e n t e r  o f  g r a v i t y  mot ion  on t r a n s -  
l u n a r  and t r a n s e a r t h  midcourse  c o r r e c t i o n  maneuvers .  These 
e f f e c t s  a r e  t h e  e r r o r s  i n  v e h i c l e  a t t i t u d e  and c r o s s - a x i s  v e l o c -  
i t y  f o r  a d e s i r e d  v e l o c i t y  inc remen t  a l o n g  t h e  l o n g i t u d i n a l  a x i s  
o f  t h e  v e h i c l e .  

The D i g i t a l  A u t o p i l o t  (DAP), t h e  command module guid-  
a n c e  s y s t e m  and t h e  v e h i c l e  r i g i d  body dynamics s i m u l a t i o n  
r o u t i n e s  were b u i l t  and added to t h e  Bellcomm Powered F l i g h t  
Pe r fo rmance  S i m u l a t o r  Computer Program for t h i s  s t u d y .  V e h i c l e  
p a r a m e t e r s  and r e f e r e n c e  t r a j e c t o r y  d a t a  u t i l i z e d  a re  t h o s e  
f o r  t h e  AS-504 m i s s i o n  and were t a k e n  f rom r e f e r e n c e s  2 ,  3 ,  5 ,  
and 7 .  

E i t h e r  onboard  Lambert c a l c u l a t i o n s  f o r  v e l o c i t y  
r e q u i r e d  o r  e x t e r n a l  d e l t a  v e l o c i t y  t y p e  b u r n s  a re  u s e d  f o r  t h e s e  
S e y v i c e  P r o p u l s i o n  System maneuvers .  S i m u l a t i o n s  w i t h  b o t h  open 

a l i g n n e n t  and o p e r a t i o n  i s  assumed i n  o r d e r  to i s o l a t e  t h e  e f f e c t s  
due to t h e  s i t u a t i o n s  u n d e r  i n v e s t i g a t i o n .  

loc3c) ai-ld c l o s e d  loop g.Gi(jai2ce w c L c  I--- 7 . m - J  U3cu. Idea: g a l d a n c e  s y s t z m  

2. SIYCLATION YETHODS AND ASSUMPTIONS 

a .  Guidance System 

For t h e  open l o o p  g u i d a n c e  c a s e  a n  i n e r t i a l l y  f i x e d  
d i r e c t i o n  o f  t h e  v e l o c i t y  to b e  g a i n e d  was u s e d ,  t h e r e f o r e  
a c t u a l  v e h i c l e  v e l o c i t y  d i d  n o t  e n t e r  i n t o  t h e  s t e e r i n g  e q u a t i o n .  
E i t h e r  a f i x e d  t i r?e  o f  b u r n  or p r e d e t e r m i n e d  v e l o c i t y  change 
i s  u s e 0  f o r  e x t e r n a l  thrust t e r m i n a t i o n  c o n t r o l .  The t e c h n i q u e  
u s e d  to a c h i e v e  t h i s  i n  t h e  s i m u l a t i o n  was to h o l d  v e l o c i t y  to 
b e  g a i n e d  (E) a t  a u n i t y  v a l u e  a l o n g  t h e  i n i t i a l  v e h i c l e  l on -  
g i t u d i n a l  a x i s  and c a l c u l a t e  t h e  g u i d a n c e  computer  command w i t h  
t h e  f a m i l i a r  c r o s s  p r o d u c t  s t e e r i n g  e q u a t i o n :  
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In order to isolate the cross-axis (error) attitude 
and velocity due to initial mistrim and c.g. motion, the 
"curvative constant C" was set as zero for all runs. Equation 1 
then reduced to 

VG x [-.,I 
Wc = K 

Where aT is the thrust acceleration and K is a gain 
factor. 

Since VG and aT are both of constant magnitude, the 
steering command (me) is a function solely of the sine of the 
angle between them, and is independent of the "time to go'' for 
the burn. Holding at constant direction and magnitude causes 
the guidance system to operate as a cross-axis acceleration null- 
ing control loop since it does not attempt to null cross-axis 
(error) velocities. This sir?,ulates the condition desired; open 
loop guidance with constant and using the guidance system 
accelerometers for direction control. Thrust is assumed terminated 
by an external means. This is essentially a manual type of maneuver. 

For closed loop guidance simulations, it was desired 
to represent a midcourse correction maneuver under automatic 
control of the CM guidance system. Equation 2 is also used, howev- 
er a is not a constant input quantity, but is recomputed each 
guidance cycle by the CM computer: 

Where is the end of burn velocity required and 7 
is the present vehicle velocity. now includes any cross-axis 
(error) velocity present and the guidance system attempts to null 
it out. For purposes of this simulation, was computed using 
Lambert's technique based on a target aim point vector. For the 
translunar (TL) case, position and velocity at TLI plus five hours 
were propagated forward to TLI plus ten hours, using a Bellcomm 
Kepler orbit computer program, to get the aim point. For the 
transearth (TE) MCC, the target aim point was found by propagating 
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t h e  s t a t e  v e c t o r . a t  T E I  p l u s  f o u r  hour s  to TEI p l u s  t e n  h o u r s .  
AS-504 i n p u t  d a t a  f o r  t h i s  p rocedure  was e x t r a c t e d  from r e f e r e n c e  
2 ,  as were t h e  v e h i c l e  t h r u s t  and mass p a r a m e t e r s  u sed  i n  t h i s  
s t u d y .  

b .  D i g i t a l  A u t o p i l o t  

The DAP s i m u l a t i o n  added t o  t h e  Bellcomm Powered 
F l i g h t  Performance S i m u l a t i o n  computer program was t a k e n  from 
t h e  Sundisk  GSOP and i n c l u d e s  a l l  s i g n i f i c a n t  e f f e c t s .  The DAP 
s t a r t - u p  d e l a y  of .675 seconds  and t h e  s t a r t  o f  g u i d a n c e  s y s t e m  
s i g n a l  a c c e p t a n c e  a t  f o u r  seconds a r e  f e a t u r e s  i n c l u d e d .  Also 
s i m u l a t e d  f o r  c l o s e d  l o o p  c a s e s  i s  t h e  t e r m i n a t i o n  o f  i n p u t  
s t e e r i n g  s i g n a l s  a t  f o u r  seconds  p r i o r  t o  t h e  computed "end of 
bu rn"  t i m e .  T h i s  was de te rmined  b y  u s i n g  t h e  " t i m e  t o  go" ( T G O )  
a l g o r i t h m  as i t  w i l l  be implemented i n  t h e  CM computer .  

(From Refe rence  5 )  
Where VG and iAvG a r e  t h e  v e l o c i t y  to b e  g a i n e d  and 

i t s '  d i r e c t i o n  of  u n i t  change i l l  one yu idance  c y c l e  r e s p e c t i v e l y ,  
AT i s  t h e  yu idance  sys t em c y c l e  t i m e  and VE i s  t h e  e n g i n e  e x h a u s t  
v e l o c i t y .  T D E C A Y  i s  t he  t h r u s t  t a i l - o f f  c o r r e c t i o n  f a c t o r ,  z e r o  
f o r  t h i s  a n a l y s i s .  

The @k/gc t r a n s f e r  f u n c t i o n  i s  s imply  t h e  K o f  t h e  c r o s s - n r o d u c t  
s t e e r i n g  e q u a t i o n .  The  loop  c o n t a i n i n g  CORFR and REPFR i s  t h e  
t h r u s t  misa l ignment  c o r r e c t o r  l o o p  of t h e  DAP.  CORFP i s  a s i n g l e  
s h o t  c o r r e c t o r  t h a t  i s  d e s i g n e d  t o  remove t h e  i n i t i a l  t h r u s t  
m i s t r i m  c r o s s - a x i s  v e l o c i t y  e f f e c t s .  REPFR i s  a r e p e t i t i v e  c o r r e c -  
tor t o  t r a c k  and c o r r e c t  f o r  t h e  c . g .  movement due t o  p r o p e l l a n t  
e x p e n d i t u r e  d u r i n g  t h e  SPS b u r n s .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  
DAP s chemat i c  i s  i n c l u d e d  as Appendix 1. 

Di-,,m,. 1 is 4-7- bile schern;it?'c? o E  tile i jAP  H S  i r r r n i ~ m ~ n - r ~ d :  
I L6"1 c 

e .  V e h i c l e  P a r a m e t e r s  

The b a s i c  t h r u s t  and mass p a r a m e t e r s  u sed  a r e  t h o s e  
s p e c i f i e d  i n  r e f e r e n c e  2 .  Mass used  a t  TL MCC s t a r t  was 2836.9 
s l u g s  and a t  TE MCC s t a r t  7 8 8 . 3  s l u g s .  T h r u s t  of t h e  SPS e n q i n e  
was t a k e n  as 2 0 , 0 0 0  pounds i n  a l l  c a s e s .  A d d i t i o n a l  v e h i c l e  d a t a  
was p r o v i d e d  b y  r e f e r e n c e  4 .  For b o t h  t h e  TL and TE midcourse  
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c o r r e c t i o n  maneuvers;  c e n t e r  o f  g r a v i t y  l o c a t i o n ,  i n e r t i a s ,  and 
t h r u s t  l e v e r  arm d a t a  was e x t r a c t e d  i n  t a b u l a r  form from r e f -  
e r e n c e  7 .  

I n i t i a l  m i s t r i m  d a t a  was p r o v i d e d  by d a t a  and e q u a t i o n s  
i n  r e f e r e n c e  1. Values  used  i n  t h i s  a n a l y s i s  a r e :  

TL M C C ,  30 m i s t r i m  = 1.21O p i t c h  and yaw 

TE M C C ,  30 m i s t r i m  = 1.73" p i t c h  and yaw 

These v a l u e s  of m i s t r i m  i n c l u d e  t h e  c o n t r i b u t i o n s  o f  t h e  t h r u s t  
v e c t o r  c o n t r o l  sys t em e r r o r  s o u r c e s  and t h e  c e n t e r  o f  mass 
l o c a t i o n  u n c e r t a i n t y .  

3 .  RESULTS 

Graphs 1 t h r o u g h  1 6  a r e  t h e  a t t i t u d e  and c r o s s - a x i s  
v e l o c i t y  t ime  h i s t o r i e s  f o r  each o f  t h e  v e h i c l e s  f o r  b o t h  open 
l o o p  and c l o s e d  l o o p  g u i d a n c e .  

For a l l  c a s e s  t h e  v e l o c i t y  t o  b e  g a i n e d  i s  a l o n g  t h e  
roll a x i s ,  any c r o s s - a x i s  v e l o c i t y  ( p i t c h  o r  y a w )  i s  an e r r o r  
v e l o c i t y  due t o  t h e  i n i t i a l  mi s t r im  o r  c . g .  mo t ion .  

The c l o s e d  l o o p  guidance  v e l o c i t y  g r a p h s  a l l  e x h i b i t  
t h e  c h a r a c t e r i s t i c  - p r o f i l e  of  t h e  c r o s s  p r o d u c t  s t e e r i n g  law 
where t h e  - VG t e r m  c a u s e s  c r o s s  a x i s  v e l o c i t y  e r r o r s  ( n e g a t i v e  

o f  components)  t o  be  w e i g h t e d  a s  a f u n c t i o n  o f  t h e  downr3nge 

t e c h n i q u e  of  s t e e r i n g  such  t h a t  a l l  t h r e e  components of  r e a c h  
z e r o  s i m u l t a n e o u s l y .  

lml 
ccTr.nnnen+ of' VG ( o r  TGC)). Whip L , L l o  o L L L L l l i L  m n h n r n r .  1s * ar; a p p l i c a t i o n  o f  t h e  

y V L . l L L / Y  

Graphs 1 t h r o u g h  4 a r e  t h e  open l o o p  g u i d a n c e ,  p i t c h  
and y a w ,  a t t i t u d e  and v e l o c i t y  t i m e  h i s t o r i e s  f o r  t h e  t r a n s l u n a r  
(CSM/LM) v e h i c l e  c o n f i g u r a t i o n .  Comparat ive c u r v e s  for +30 
(t1.21°) and +lo show t h a t  peak v a l u e s  of a t t i t u d e  d e v i a t i o n  and 
c r o s s - a x i s  v e l o c i t y  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  i n i t i a l  
m i s t r i m  magn i tude ,  p r o v i n g  t h a t  l i n e a r  e x t r a p o l a t i o n  i s  v a l i d  i n  
t h e  r e g i o n  unde r  i n v e s t i g a t i o n .  The DAP c a p a b i l i t y  t o  c o n t r o l  
v e h i c l e  a t t i t u d e  i s  demonst ra ted  i n  g r a p h s  1 and 3 .  The r e s u l t  
o f  u s i n g  open l o o p  v e l o c i t y  guidance  i s  shown i n  t h e  s t e a d y  
s t a t e  c r o s s  a x i s  v e l o c i t y  of  graphs  2 and 4. I t  i s  s i g n i f i c a n t  
t o  n o t e  ( a s  e v i d e n c e d  b y  t h e  0' m i s t r i m  c u r v e s )  t h a t  t h e  c . g .  
mot ion  i s  much more pronounced a l o n g  t h e  p i t c h  t h a n  t h e  y a w  d i r e c -  
t i o n s  and t h a t  t h e  p o s i t i o n  and v e l o c i t y  c u r v e s  a r e  a u i t e  sym- 
m e t r i c a l  abou t  t h e  0' m i s t r i m  l i n e .  
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Graphs 5 t h r o u g h  8 a r e  t h e  c o r r e s p o n d i n g  open l o o p  
c u r v e s  f o r  t h e  t r a n s e a r t h  (CSM) c o n f i g u r a t i o n  and  i l l u s t r a t e  
t h e  much f a s t e r  DAP sys t em a t t i t u d e  c o n t r o l  r e s p o n s e  time 
p o s s i b l e  t h r o u g h  t h e  u s e  of a s i m p l e r  f i l t e r  and  h i g h e r  g a i n  
w i t h  t h i s  more r i g i d  v e h i c l e .  The c . g .  motion i s  much g r e a t e r  
a l o n g  t h e  yaw t h a n  t h e  p i t c h - d i r e c t i o n  o f  t h e  CSM v e h i c l e .  

Graphs 9 t h r o u g h  1 6  a re  t h e  c l o s e d  l o o p  v e l o c i t y  
g u i d a n c e  v e r s i o n s  of  g r a p h s  1 th rough  8 w i t h  b u r n  t i m e s  o f  1 4  
and 20 s e c o n d s .  The comparison o f  g r a p h s  1, 3 ,  5 and 7 w i t h  
g r a p h s  9, 11, 13 and 1 5  r e s p e c t i v e l y  shows t h e  minor  a t t i t u d e  
h i s t o r y  changes of open l o o p  v e r s u s  c l o s e d  l o o p  c a s e s .  O f  
s i g n i f i c a n c e  i s  t h e  c r o s s - a x i s  v e l o c i t y  compar isons  o f  g r a p h s  
1 0 ,  1 2 ,  1 4  and 1 6  w i t h  2 ,  4, 6 and 8 r e s p e c t i v e l y .  Gra.phs 10 
and 1 2  show t h e  f a i l u r e  of t h e  low g a i n  sys t em used  f o r  t h e  
t r a n s l u n a r  MCC to n u l l  t h e  c r o s s  a x i s  v e l o c i t y  f c r  a 1 4  second 
b u r n .  Graphs 1 4  and 1 6  show t h a t  w i t h  t h e  h ighe r  s y s t e m  g a i n  
u s a b l e  w i t h  t h e  CSN o n l y  t h a t  t h e  c r o s s  a x i s  v e l o c i t y  matches  
the Oo m i s t r i m  c a s e  f o r  bu rns  o f  1 4  seconds  or g r e a t e r .  

The d e s i g n  o f  t h e  DAP s y s t e m  i s  s u c h  t h a t  s t e e r i n g  
s i g n a l s  a re  n o t  a c c e p t e d  b e f o r e  3 .828  seconds  a f t e r  e n g i n e  
i g n i t i o n .  For p u r p o s e s  of  t h e  s i m u l a t i o n s  t h i s  was i n c r e a s e d  
to 4 seconds  to i n c l u d e  i g n i b i o n  t i n e  u n c e r t a i n t y  and t h r u s t .  
b u i l d  up e f f e c t s .  The sys tem a l s o  i n c l u d e s  t h e  r e j e c t i o n  of 
any new s t e e r i n g  s i g n a l s  when t h e  TGO i s  l e s s  t h a n  4 s e c o n d s .  
T h i s  i s  i n t e n d e d  t o  p r e c l u d e  l a r g e  s t e e r i n g  commands a s  VG 
a p p r o a c h e s  z e r o .  I n  t h e  c l o s e d  l o o p  s i m u l a t i o n  (where TGO i s  
u s e d )  these  f e a t u r e s  have t h e  e f f e c t  t h a t ,  f o r  any SPS b u r n  
of l e s s  t h a n  8 seconds ,  t h e  guidance  loop i s  riot c l o s e d .  A t -  

to 8 seconds  can  be t a k e n  f r o m  t h e  open l o o p  c u r v e s .  
t i t u d e  and c r o s s - a x i s  -7-1 - - < & - -  J - 4 - e  P - - -  I------- V t l l u L l b y  u a ~ a  I vi. U U ~ . I I S  of aiiy 1ei;gti-i U P  

Graphs 9 t h rough  1 6  are p l o t t e d  f o r  b u r n  times o f  
1 4  and  20  seconds .  These  cu rves  be long  to a f a m i l y  f o r  which 
t i m e  o f  b u r n  (TOE)  i s  t h e  pa rame te r  and t h e  l o c u s  o f  t h e  end 
p o i n t s  t h e  s i g n i f i c a n t  f e a t u r e  i f  end of b u r n  c o n d i t i o n s  ( a s  a 
f u n c t i o n  o f  t i n e  o f  b u r n )  i s  t h e  c l o s e d  l o o p  p a r a m e t e r  of 
i n t e r e s t .  Graphs 1 t h r o u g h  8 are v a l i d  f o r  any TOB shown, 
s i n c e  f o r  open l o o p  v e l o c i t y  gu idance  TOE i s  n o t  a p a r a m e t e r .  

SUMI'?ARY AND C O N C L U S I O N S  

Open loop  g u i d a n c e  ( e x t e r n a l  d i r e c t i o n  and TOB 
s p e c i f i e d )  SPS MCC maneuvers w i t h  30 m i s t r i m  v a l u e s  of  any bu rn  
d u r a t i o n  produce  peak  a t t i t u d e  e r r o r s  o f  up  to 6.5O which a r e  
damped o u t  b y  t h e  C A P .  Peak v e l o c i t y  e r r o r s  f o r  t h e  CSM/LM 
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( t r a n s l u n a r  M C C )  a r e  9 f p s  ( p i t c h )  and  8 f p s  (yaw) which  
s t a b i l i z e  a t  or n e a r  t h e  maximum. F o r  t h e  CSM ( t r a n s e a r t h  M C C )  
v e l o c i t y  e r r o r  p e a k s  of 1 2  f n s  ( p i t c h )  and 1 8  f p s  ( y a w )  a re  
r e a c h e d ,  b u t  s t a b i l i z a t i o n  does n o t  o c c u r  ( e s p e c i a l l y  i n  yaw) 
due to t h e  l a r g e  e f f e c t s  o f  c . g .  m o t i o n .  

C losed  l o o p  gu idance  does  n o t  p r o d u c e  e x t e n s i v e  
d i f f e r e n c e s  i n  t h e  a t t i t u d e  h i s t o r y  s i n c e  a t t i t u d e  i s  p r i m a r i l y  
u n d e r  c o n t r o l  o f  t h e  DAP which o p e r a t e s  i n  e i t h e r  t h e  c l o s e d  
l o o p  or open l o o p  c a s e .  V e l o c i t y  e r r o r s  are  h e l d  t o  lower  peak  
v a l u e s  of 5 . 5  fps and 5 f p s  f o r  t r a n s l u n a r  p i t c h  and yaw and  
9 f p s  and 1 2  f p s  f o r  t r a n s e a r t h  p i t c h  and yaw r e s p e c t i v e l y .  
Of g r e a t e r  i m p o r t a n c e  i s  t h e  a b i l i t y  o f  t h e  s y s t e m  to n u l l  
v e l o c i t y  e r r o r s  b y  t h e  end o f  CSM b u r n s  as s h o r t  as 1 4  s e c o n d s .  
S l i g h t l y  l o n g e r  b u r n s  f o r  t h e  CSM/LN c o n f i g u r a t i o n  w i l l  p roduce  
s i m i l i a r  n u l l i n g  r e s u l t s .  

-9. g&/zLw--. 
2012-FL-b j w F .  L a  P i a n a  

At t achmen t s  
Appendix 1 
R e f e r e n c e s  
16 Graphs 
1 F i g u r e  
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APPENDIX 1 

i 
The 

included i 
modifications 

CM TVC Digital AutoDilot (DAP) system software 
the mission 205 AGC program,. UNDISK. The 

made to the Bellcomm PFPS computer program 
include simulation of the software and the necessary hardware 
which comprise the DAP system. This includes the pitch and 
yaw DAP channels, rigid body rotational dynamics and the links 
and coordinate system rotational matrices necessary to complete 
the DAP and guidance loops. 

The basic inputs to the DAP simulation are vehicle 
mass, thrust and commanded. rotation rates from the cross- 
product steering equations. The outputs are vehicle attitude, 
turning rates, motor deflections and the thrust-to-platform 
coordinate system rotation matrix. The latter is used in the 
simulation of IrW platform sensed accelerations in the guidance 
loop. 

Since the roll control system uses a separate and 
different DAP, it is not included in this modification. Roll 
is assumed stabilized at the aligned position (0') where it 
does not affect the thrust direction or guidance equations. 
The DAP starts functioning in a stabilization mode at ,675 
seconds after engine ignition. At ignition plus 3 . 8 2 8  seconds 
steering signals are accepted rrom t h e  guidance system. 
Steering stops at 4 seconds before the end of the burn. 

The DAP loop is cycled every -040 or .080 seconds, 
depencizfig c)n the vehicle cDnficiuration - - t h e  L.2 m i d a n c e  lssp 
every 2 seconds. 

Calculations are made alternately for pitch and yaw 
throughout the DAP loop. The vector notation will be dropped, 
with the understanding that the appropriate pitch o r  yaw data 
is used as required. If the time-of-burn is less than .675 
seconds, E is not calculated, simulating the not yet activated 
DAP system. 

We is the scaled commanded angular rate (in body 
coordinates) input to the DAP.  The transfer functions for each 
schematic block are listed. 
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APPENDIX 1 ( C o n t i n u e d )  

a .  The rate e p r o r ,  E, i s  t h e  d i f f e r e n c e  between t h e  
commanded v a l u e  and t h e  a c h i e v e d  r a t e :  

b .  The r a t e  e r r o r  i s  i n t e g r a t e d  t h e n  l i m i t e d  

I E  = /Edt  = I E  + E ( A t )  

e .  Two d i f f e r e n t  f i l t e r s  a re  u s e d ,  a f i r s t  o r d e r  
f i l t e r  f o r  t h e  CSY and a s e v e n t h  o r d e r  f i l t e r  
f o r  t h e  CSM/LM. Using t h e  s t a n d a r d  Z n o t a t i o n  
to d e s i g n a t e  d i g i t a l  computa t ion  i n t e r v a l s ,  t h e  
f i r s t  o r d e r  f i l t e r  i s :  

s = K A  o + Z - ’ . ( K A ~ ~  - B~ s >  
0 

Where 

A. = 1 
- n  A = - . y o  

Bl = - . 6 4  
i 

and t h e  s e v e n t h  o r d e r  f i l t e r  i s :  

6 = K C 0 + Z - ’ ( C 2 0  - D16 + Z - ’ [ C 3 0  - D 2 6  + Z - l [ C 4 0  - D36 + Z-’(C5G i l  

where t h e  c o e f f i c i e n t s  i n  Dotjble P r e c i s i o n  a re :  

c1 = 1. 

c 2  

c 3  

= - . 2 9 7 0 9 4 7 2 6 5 6 2 5 E l  

= + . 3 1 9 4 8 2 4 2 1 8 7 5 0 E l  
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APPENDIX 1 (Continued) 

C 4  = - . 4 0 9 6 6 7 9 6 8 7 5 E O  

= - . 2 5 7 8 1 2 5 E 1  

c6 = + . 2 9 6 2 8 9 0 6 2 5 E 1  
c5 

c 7  = - . 1 5 1 0 2 5 3 9 0 6 2 5 E 1  

c8 = + . 3 1 2 5 E 0  

d. Simulating the CMC fixed word length accuracy limitations, 
the output of the filter, is quantized to -- degree .  

1 

e. The thrust misalignment corrector (TMC) loop consists 
of a l i m i t e r  ( & 6 O ) ,  a f i l t e r :  

DPBAR = . 0 0 9 9 5  (DELC) + Z - 1 ( . 9 9 0 0 5  DPBAR) 

A "one-shot" corrector 
ACTOFF = Z+ACTOFFT)  +CORFR (DPBAR -z -1 ( A C T O F F ) )  

and a repetitive corrector, which i s  used e v e r y  1 / 2  
second after the 'one shot'. 

ACTOFF = Z-'(ACTOFF) + REPFR ( D P B A R  -Z- ' (ACTOFF)  ) 
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f. The o u t p u t  f r O i ; i  t h e  TMC l o o p  (6;) i s  l i m i t e d  to 
- t 4.5' and used  to form t h e  t h r u s t  d e f l e c t i o n  
( e n g i n e  b e l l )  a c t u a t o r  command, 

= I n i t i a l  Cond i t ions  + B i a s  if TOB <.675 s e e  & a c t  

- if TOB >.675 s e c  6 a c t  - 6; + Bias - 

g .  Using a t a b l e  look-up, w i t h  MASS as t h e  i n p u t  
p a r a m e t e r ,  and i n t e r p o l a t i n g ;  values o f  motor  to 
C . G .  l e v e r  arm (LX), C.G. l o c a t i o n  o f f s e t  a l o n g  
t h e  body axes ( C . G . )  and moment of i n e r t l i a  ( I )  
are found.  
The body a n g u l a r  a c c e l e r a t i o n  and r a t e  1.47 a re  
comnnuted u s i n g  t h r u s t  ( T )  

G B + Z  -1 (J,) 
A t  

-1 
2 WB = z (w,) + 

h .  The g imba l  a n g l e  r a t e  (W,T,,,T) 1 1 . 1  i s  computed from t h e  
body r a t e  and t h e  g i m b a l  a n g l e s  a r e  in t . eg_r i t ed  t o  
d e t e r m i n e  t h e  new gimbal  aingles which are used i n  
t h e  gu idance  computa t ions .  

5 .  The g i r b a l  r a t e s  a r e  r e c o n s t r u c t e d  from t h e  gimbal  
a n g l e  changes ,  s i n i u l a t i n g  t h e  a c t i o n  o f  t h e  CM 
computer ,  t hese  a r e  t l ien c o n v e r t e d  to body r a t e s  
( W e R )  to c l o s e  the D A P  loop. 
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